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Abstract 12 
A multisyringe flow injection system (MSFIA) coupled to a gas-diffusion cell has been developed for the 13 
conductometric determination of ammonium in different water samples. Operation strategies, membrane, 14 
reagent concentrations, and flow rates have been studied to optimize the sensitivity of detection and to fit 15 
the required working range. The proposed MSFIA system has been compared with former FIA and SIA 16 
systems using gas diffusion. The system was applied to the determination of ammonium in water samples 17 
of different matrices in order to evaluate its performance. These samples were coastal waters, pond 18 
waters, and compost aqueous extracts. Good recoveries of 102 ± 13 % were obtained and no significant 19 
differences with the reference methods were found. The system can be used for a wide concentration 20 
range of ammonia, from 0.075 to 360 mg L
-1
, without sample dilution and with a precision better than 21 
2 % of RSD. The throughput of the method was 32 injections per hour.  22 
 23 
Keywords: Ammonium, Multisyringe Flow Injection Analysis, Gas Diffusion, Conductometric 24 
Detection, Natural Waters.  25 
 26 
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1. Introduction  28 
Ammonium is a metabolite generated mainly by remineralization and bacterial decomposition of organic 29 
matter. It is an important nitrogen pool in natural waters. It can be either assimilated by microorganisms 30 
and plants or oxidized to nitrite and nitrate [1]. Fertilizers have to be addressed as important 31 
anthropogenic source of ammonia to natural waters [2, 3]. Consequently, ammonia concentration in fecal 32 
waste waters and effluents from agricultural areas is mostly elevated. Ammonia is further used as 33 
alkalinizing agent in industrial steam circuits. Accurate and precise measurements of ammonium 34 
concentration are required for monitoring and control of different aqueous samples. The volatility of 35 
ammonium and the instability of its concentration due to its high implication in biological processes 36 
demand for at-site applicable analyzer systems avoiding the transport and conservation of the samples.  37 
Standard analytical methods for ammonium such as Berthelot [4, 5] or Nessler  [4, 6, 7] imply the 38 
consumption of instable reagents with toxic components such as phenols or potassium 39 
tetraiodomercuriate, respectively, often in high amounts [8]. Fluorescence based quantification of 40 
ammonium offers high sensitivity for the analysis of waters of low nutrient content [9, 10]. However it 41 
uses the toxic reagent ortho-phthaldialdeyhde and implies relatively high purchase costs for 42 
instrumentation. Nevertheless, the sensitive fluorimetric determination of seawater ammonia using a 43 
simple instrumentation was lately described [11]. 44 
A considerable problem of standard methods based on manual sample handling and optical sensing can 45 
result from high sample loads of organic matter, colloidal dissolved sediments, or other components, 46 
which affect either the optical detection itself, the prior chromogenic reaction, or, most probably, both.  47 
One possibility to overcome matrix effects is the thorough automation of the analytical procedure 48 
including sample dilution or separation of analyte and sample matrix. Analytical flow techniques (FT) are 49 
based on the handling of a sample including such as sample dilution or analyte pre-concentration, mixing 50 
with reagents, and detection, in flow within tubing network (manifold). This avoids both sample 51 
contamination and users exposition to toxic reagents. Accurate timing and control of flow rate and 52 
volumes of sample and implied reagents allow generally a gain in reproducibility and sample throughput. 53 
For the determination of ammonia using FT, the predominantly used so far have been Flow Injection 54 
Analysis (FIA) [12, 13] and Sequential Injection Analysis (SIA) [14], as reviewed elsewhere [15]. The 55 
later Multisyringe Flow Injection Analysis technique, firstly described in 1999 [16, 17] combines the 56 
advantages of FIA and SIA, i.e. it profits from multi-channel operations (e.g. confluence mixing) as in 57 
FIA with similarly high sample throughput as well as from the robustness and versatility of the syringe 58 
pump based SIA [12, 18-20]. 59 
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Gas diffusion (GD) has been advantageously used in most FT systems directed to automated 60 
determination of ammonium due to the simple way to increase the method selectivity and to separate the 61 
analyte from the sample matrix, i.e. colloid particles, colored organic matter, or high salt content. This 62 
fact allows the enrichment of the analyte in the acceptor solution and avoids the possible interference of 63 
the matrix.  64 
For GD, the sample is mixed with an alkaline solution to obtain volatile NH3 from the solute NH4
+
, which 65 
is then able to cross a gas-permeable membrane. After diffusion through the membrane, NH3 is trapped in 66 
an acidified acceptor solution generally as NH4
+
 and detected using either optical or electrochemical 67 
techniques [15]. Almeida et al. [21] described membrane-less GD overcoming possible disadvantages 68 
such as membrane fouling or maintenance but to the cost of a lower sensitivity. 69 
Coupling of FIA with GD with applications to wastewaters is most frequently found. There only few 70 
applications used conductometric detection in spite of the potential simplicity and rapidness as stated out 71 
by Cerdà et al. [8], who compared Berthelot reaction, indicator color change, and conductometric 72 
detection after GD. Advantages of conductometric detection are e.g. lack of toxic, unstable, or expensive 73 
reagents and no additional of reaction time required while temperature has to be controlled strictly. In 74 
another work, Schulze et al. [5] compared different detection methods coupled with GD-FIA system for 75 
ammonium determination including spectrophotometric, conductometric and potentiometric detection, 76 
using an ammonium selective electrode. In contrast, they rejected conductometric detection due to 77 
observed baseline drift and carbon dioxide interference. 78 
Junsomboon & Jakmunee [22] used conductometric detection for Kjeldahl-produced ammonia. Su et al. 79 
[23] coupled a FIA system to GD to determine ammonium in clinical blood samples using a bulk acoustic 80 
wave impedance sensor. Braz et al. [24] developed a GD-FIA system to determine ammonium using a 81 
capacitively coupled contactless conductivity detection (C
4
D), obtaining by this less disturbances from 82 
temperature fluctuations and peristaltic pump pulsation. Plant et al. [25] coupled a conductometric 83 
detection to a GD-FIA to monitoring the ammonium contents in open ocean seawater samples.  84 
Due to the impossibility of addressing two flow lines simultaneously, i.e. the donor and the acceptor, GD 85 
coupled to SIA is less frequently found and supposable requires longer time of analysis. For example, 86 
Oms et al. [26] used a SIA system coupled to GD for the conductometric determination of ammonium in 87 
waste waters.  88 
So far, MSFIA technique has been hardly exploited for the GD-based determination of ammonium. As 89 
only application found, Klimundova et al. [27] developed a MSFIA system with a GD cell but using 90 
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spectrophotometric determination of ammonium via color change of bromothymol blue indicator in the 91 
acceptor solution.  92 
Elsholz et al. [28] recently described a simple, highly sensitive, and easy to build conductometric 93 
detection cell for acetate measurement on a FIA system. Following the same cell design and taking into 94 
account the advantages of MSFIA, we coupled a MSFIA system to a GD-cell and down-stream connected 95 
the former mentioned conductometric detection cell for the determination of ammonia in a variety of 96 
water samples. The aim of this work is to present a system well suited for routine analysis economic, 97 
portable and applicable in a wide range of ammonium concentration,  98 
 99 
2. Experimental 100 
2.1. Reagent and solutions  101 
All reagents and solutions were prepared with Milli-Q water (Millipore, City Land). All reagents were 102 
purchased from Scharlau (Barcelona, Spain) as not stated otherwise. Solutions of sodium hydroxide 103 
(25 mmol L
-1
) and sodium citrate dihydrate (200 mmol L
-1
) were prepared by dissolving appropriated 104 
amount of NaOH and C6H8O7Na3∙2H2O in 1 L of water. A stock solution of 4.0 mol L
-1
 and 0.01 mol L
-1
 105 
of HCl was prepared using ultrapure grade hydrochloric acid 37 % v/v. They were used to prepare the rest 106 
of the solution of HCl utilized as an acceptor solution. A 0.02 mol L
-1
 of NH4Cl stock solution was 107 
prepared by dissolving 0.1070 g of NH4Cl in 100 mL of Milli-Q water. Standard solutions were prepared 108 
daily by dilution of an appropriated volume of the ammonium chloride stock solution with Milli-Q water 109 
or seawater.  110 
The Method 10-107-06-5-E for ammonium determination from LACHAT Instrument (Loveland, U.S.A.) 111 
was used as reference method. It consists of a FIA system coupled to GD and spectrophotometric 112 
determination. The acceptor solution was a mixture of pH indicators (bromocresol purple, bromothymol 113 
blue, and cresol red) in KCl solution at pH 5.70.  114 
The basic solution for sample alkalinization contained 30 g L
-1
 of EDTA and 12.4 g L
-1
 of boric acid 115 
adjusted with NaOH to pH 13. Teflon LACHAT membrane specially for NH3 determination was used as 116 
gas diffusion membrane for the reference method [29].  117 
 118 
2.2. Samples 119 
Pond water, coastal water, and aqueous extract of compost samples were used to evaluate the proposed 120 
method in a wide range of concentrations. Seawater samples were collected in Winkler glass bottles, 121 
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filled completely and used without further treatment at 3 different points of the bay of Palma de Mallorca, 122 
Spain. A pond water sample was collected from the surface of an oxidation pond system used for 123 
biological treatment of black and grey water at the University of Balearic Island campus. It was 124 
immediately filtered through 8 μm filters (Filter Albet 145, ALBET- Hahnemuehle, Barcelona, Spain) to 125 
eliminate the high level of coarse particulate matter. The filtrate showed brownish color hue and turbidity.  126 
Compost samples used as fertilizers and restoratives of farmland were locally collected. From these, 127 
aqueous extracts were obtained according to the regulation UNE-EN 13652 “Extraction of nutrient and 128 
soluble elements in waters”, which is a commonly evaluated characteristic to estimate the fertilization 129 
capacity of the compost. Of each sample, 60 mL being equivalent to approximately 30 g of wet compost 130 
(particle size < 20 mm) were put together with 300 mL MilliQ water in plastic bottles of 1 L and were 131 
stirred for 1 h at 22.5 ºC. Then the mixtures were filtered through 8 μm filters (Filter Albet 145, ALBET- 132 
Hahnemuehle, Barcelona, Spain) and measured immediately. Likewise, the filtrate showed brownish 133 
color and turbidity. 134 
For comparison, aqueous extracts dilutions of 1:100 were measured on both, the proposed and the 135 
reference methods, and, without dilution, on the proposed method.  136 
Measurements of samples spiked with two levels of ammonium standard were carried out in addition for 137 
add-recovery tests in samples with estimated low ammonium contents such as seawater samples. Besides, 138 
a reference method run on a commercial FIA instrument LACHAT (see section 2.1) was used to validate 139 
the proposed analyzer system and method. [29] 140 
 141 
2.3. Instrumentation and Manifold 142 
The analyzer system setup is given schematically in Figure 1. A multisyringe burette (MS, model Bu-4-S, 143 
16000 motor steps) from Crison Instruments S.A. (Alella, Spain) was used to propel the solutions in the 144 
flow network, which was made of PTFE tubing of 0.8 mm id. and 1.5 id. The MS was equipped with 145 
three syringes (S1, S2, and S3) from Hamilton (Bonaduz, GR, Switzerland) of 5 mL, 5 mL, and 10 ml, 146 
respectively. The head of each syringe was connected to a three-way solenoid valve (V1, V2, and V3) 147 
allowing, either the recycling of each solution to its respective reservoir (valve deactivated, OFF 148 
position), or the connection to the manifold (valve activated, ON position). Three external three-way 149 
solenoid valves V4, V5, and V6 (Takasago Electric Inc. Nagoya, Japan) were connected in OFF position 150 
to the manifold and in ON position to sample, waste, or stopper plug to close the acceptor channel outlet, 151 
respectively. They were powered and controlled by the output ports on the back of the MS instrument.  152 
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S1 (5mL) was used for sample handling on the system, using MilliQ water as carrier. S2 (5mL) was filled 153 
with NaOH solution to form a donor mix with the sample. S3 (10mL) contained the HCl solution and 154 
propelled it through acceptor channel toward the C-cell.  A holding coil (HC) of 260 cm (0.8 mm id, 155 
1.4 mL) was used to connect syringe S1 to V4 for sample aspiration. V5 was connected downstream of 156 
V4 with a two-side fitting for dead-volume minimization and allowed the solution discharge for cleaning 157 
when sample changes.  158 
Confluent mixing of NaOH and sample was done by placing a three-way polymethylmethacrylate 159 
(PMMA) T-connector at the second port of V5, connected as well to the donor channel of the GD-cell via 160 
a short mixing coil (MC1) (11.5 cm, 0.8 mm id).  161 
A technical drawing of the GD-cell is given in Figure 2. It was made of two identical rectangular PMMA 162 
blocks, each one containing a U-shape flow channel with 180 μL volume. They were placed overlapping 163 
each other, holding in between a 0.22 μm pore size hydrophobic gas diffusion membrane, in this way the 164 
donor (a mixture of NaOH provided by S2 and sample) was separated from the acceptor (HCl provided 165 
by S3). Six stainless steel screws were used for hermetical sealing of the cell. The cell was connected to 166 
the manifold in a way that a countercurrent flow between of donor and acceptor is achieved.  167 
The cell acceptor channel was connected downstream to the homemade stainless steel conductometric cell 168 
(C-cell), via a short PTFE tube (MC2) (12 cm, 0.8 mm id). A cross-section drawing is given in Figure 3. 169 
The C-cell design was firstly described by Tubino [30] and recently described in detail by Elsholz et al. 170 
[28]. It consisted of two stainless steel tubes (1: 66 mm with 1.1 mm od, 0.6 mm id, 2: 41 mm with 2 mm 171 
od, 1.5 mm id, 2: 66 mm with 1.1 mm od, 0.6 mm id). Two holes were made in the thinner and longer 172 
tube 1. The empty space between the two holes was filled and sealed with an epoxy resin. Tube 1 was 173 
placed inside the thicker and shorter tube, leaving the two holes completely covered by tube 2. Small 174 
pieces of heat-shrink PVC tubing were used to maintain the distance and avoid any electrical contact 175 
between them and to seal hermetically the extremes of tube 2. The tube 1 was connected to the PTFE 176 
tubes using short pieces of flexible pumping tube (Tygon). In this way the liquid is forced to flow in the 177 
space between the tubes. The so-obtained conductometric cell has a large conducting surface and a very 178 
small distance between them (0.2 mm); leading to a low cell constant and high sensitivity. The cell 179 
constant was calculated using KCl 0.01 mol L
-1
 conductivity standard solution (Scharlau, Spain), of 1413 180 
µS cm
-1
 at 25 ºC.   181 
The C-cell was placed between the GD-cell (acceptor channel) and V6. It was connected to the 182 
conductimeter with alligator clips. The cell is connected to a Crison 525 conductimeter from Crison 183 
Instruments S.A. V6 was in ON position to close the acceptor channel during the diffusion step. The close 184 
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of this channel prevents the emptying of the acceptor channel caused by the flow in the other side of the 185 
membrane in the GC-cell.    186 
A 45 positions rotatory autosampler from Crison Instruments was used during real sample analysis and 187 
was connected to the sample port on valve 5, providing enough tube for overnight stand-alone operation. 188 
All surfaces in contact with liquid were made of glass, PTFE, or polymethylmethacrylate (PMMA). Tube 189 
fittings were made of polyoxymethylene (Delrin, acetal) and polyviliden fluoride (PVDF).  190 
 191 
2.4. Software control and Analytical procedure 192 
AutoAnalysis 5.0 software (Sciware SL, Palma de Mallorca, Spain) was used for complete automation of 193 
all instruments. Communications between a commercial PC, MS, autosampler, and conductimeter were 194 
established via RS232 serial interface. AutoAnalysis was also used for data readout and evaluation.  195 
The software further enabled real-time evaluation of peak heights and repeatability of generally three 196 
measurements performed for each sample or standard solution. In the case of higher relative standard 197 
deviation than 5 %, an additional measurement was automatically carried out.  198 
At sample change, the HC 1 (V4, ON position) was cleaned by the aspiration of the triple dead volume of 199 
the GD-cell (180 μL). Afterwards it was discharged a three-time higher volume to waste (V5, ON 200 
position). Then, the syringe was refilling to the initial position for every new measurement, prior to step 201 
2, in order to achieve the highest possible repeatability. This allows overcoming the mechanical backlash 202 
of the syringe pump as done in step 3.  203 
The analytical procedure is shown as supplement material 1. A sample volume of 0.2 mL was aspirated 204 
(step 2), mixed at the T-connector with NaOH provided from S2 (Step 3 & 4), and then dispensed up to 205 
the flow entrance of the GD-cell (donor channel). Simultaneously, the acid acceptor solution in the GD-206 
cell and detection flow cell was renewed. (V3, ON position). 207 
Then the donor flow, being the mixture of sample and NaOH, was pushed through the GD-cell at very 208 
slow flow rate to favor the highest possible GD efficiency (step 6). Finally, the acceptor solution volume 209 
is propelled from the GD-cell through the C-cell for quantification of the conductivity decrease. This 210 
decrease of the conductivity is the result of the replacement of highly mobile hydronium ions by less 211 
mobile ammonium ions. At the same time, the donor channel is flushed for system cleaning (step 7).  212 
 213 
3. Results and Discussion 214 
8 
 
3.1 Selection of the acceptor solution 215 
MilliQ water was not considered as acceptor solution in order to avoid interference of dissolved CO2 as 216 
previously reported [7] . Instead, aqueous solutions of H3BO3 and HCl were tested as acceptor solution in 217 
order to avoid the CO2 effect. When the ammonia crosses the membrane, it reacts with the boric acid and 218 
forms ammonium and tetrahydroxyborate as (1): 219 
NH3 + B(OH)3 + H2O  NH4
+
 +  B(OH)4
- 
(1) 220 
In that way, ammonium and tetrahydroxyborate are the only ions that contribute to the increase of the 221 
acceptor solution conductivity, causing a concentration-proportional positive conductometric response. 222 
When HCl was used as acceptor, the baseline depended directly on the acid concentration. During the 223 
diffusion step, the NH3
 
is trapped in the acidic acceptor solution as NH4
+
 by simultaneous consumption of 224 
H
+
. Therefore, the conductivity of the acceptor solution decreases due to the about 5-times higher 225 
conductivity of the hydronium ion, λ(H3O
+
) = 349.8 S eq.
-1
cm
2
 in front of λ(NH4
+
) = 74.5 S eq.
-1
cm
2
, both 226 
values for 25 ºC, [31]. Consequently a negative peak is observed when the acceptor, enriched with NH4
+
, 227 
passes through the C-cell.  228 
The response using HCl as acceptor solution is theoretically more sensitive than that obtained with 229 
H3BO3, which was confirmed by experiment. Both acids were studied in a wide range of concentration 230 
(50 000 to 5 μmol L-1 for H3BO3 and 1 000 to 10 μmol L
-1
 for HCl) using standards of 0.5, 1.0 and 5.0 mg 231 
L
-1
 of NH4
+
.  232 
As it was expected, the sensitivity using HCl was almost 5-times higher than using H3BO3 for the same 233 
concentration of acids and experimental conditions. These results were summarized in Table 1. 234 
Sensitivity was given as the slope of calibration curve (± error). Relative standard deviation (RSD) was 235 
calculated from three replicates of the peak height at 5 mg L
-1
 of ammonium standard. Limit of detection 236 
(LOD) was calculated as three time of standard deviation of 10 blanks divided by the slope.  237 
In concrete, the slope of calibrations curves were 7.3 ± 0.1 µS L mg
-1 
cm
-1
 and 1.53 ± 0.05 µS L mg
-1
 cm
-1
 238 
for HCl and H3BO3, both 50 μmol L
-1
, respectively (Table 1).  RSD was around 1.1% for boric acid, and 239 
much lower (0.3%) for HCl. LOD was very similar (40 and 45 µg L
-1
 respectively) for H3BO3 5 μmol L
-1
 240 
and HCl 50 μmol L-1, and higher (100 µg L-1) for H3BO3 50 μmol L
-1
.  241 
When the acceptor was H3BO3, the baseline was very low (about 7 µS cm
-1
) and with hardly any 242 
dependency on the boric acid concentration due to its low dissociation (pKA = 9.24) [32]. For the same 243 
reason, the concentration of the H3BO3 did not show any significant influence on the peak height in a 244 
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range of 0.005 to 50 mmol L
-1
 as expected. For example, the peak height of 1.0 mg L
-1
 calibration 245 
standard did not vary significantly over the studied range (average value 1.09 ± 0.07 mS cm
-1
 at 25 ºC). 246 
On the other hand, the HCl system was very sensitive to the change of the acid concentration (range 247 
studied from 1.0 to 0.01 mmol L
-1
). The maximal signal was observed when the acid concentration was 248 
around 50 µmol L
-1
. Therefore, hydrochloric acid was selected as the most adequate acceptor solution. A 249 
more precise study of the HCl concentration in a range of 75 to 25 µmol L
-1
 was done with a multivariate 250 
analysis, discussed below.  251 
Using HCl, we observed significantly higher intercepts of calibration curves, around 5.0 mS cm
-1
, than 252 
using boric acid. This observation was also reported by Plant et al. with similar membranes [25]. It was 253 
proven that this phenomenon was not caused by ion leakage through the membrane, varying the NaOH 254 
concentration without any effect on the blank signal observed. Consequently, the most probable reason is 255 
partly diffusion of hydrochloric acid through the membrane from the acceptor to the donor side leading to 256 
a conductivity decrease. Taking into account this effect, similar RSD and LODs were estimated for both 257 
acceptor acids; and adequate sensitivity for the tested samples was nevertheless obtained using HCl as 258 
acceptor. 259 
 260 
3.2 Study of the NaOH used as donor modifier 261 
The effect of NaOH concentration on blank and standard peak heights was studied in the range of 2.5 to 262 
75 mmol L
-1
. No significant differences were observed for 2.0 mg L
-1
 ammonium standard. This behavior 263 
was confirmed by a multivariate study due to the lack of a significant coefficient for this factor and its 264 
interaction with other experimental parameters. A concentration of 25 mmol L
-1
 NaOH was finally chosen 265 
to guarantee the total deprotonation of NH4
+
 even for samples with high buffering capacity.  266 
 267 
3.3 Experimental design optimization  268 
A multivariate Box-Behnken analysis of three factors and 15 experiments was developed for 269 
optimization. The factors were flow rate during the gas diffusion step, the concentration of hydrochloric 270 
acid being the used acceptor solution, and the sample volume, with experimental domains of 0.3-0.7 ml 271 
min
-1
, 25-75 μmol L-1, and 100-200 µL, respectively. The low and high level of HCl factor was 272 
determined by previous univariate study of HCl concentration effect on sensitivity.  Then the 273 
experimental domains of flow rate and sample volume was selected setting a compromised between 274 
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sensitivity and time of analysis. The peak height of a 10 mg L
-1
 ammonium standard was used as 275 
dependent variable.  276 
The optimal values were found by the evaluation of the desirability function. The global desirability can 277 
vary from 0 to 1. If its value is closer to 1, the critical values predicted by the model are closer to real 278 
optimal condition of the system for each variable. In this case, the experimental result indicated 0.966 for 279 
global desirability function without significant lack of information. The critical values were 0.3 ml min
-1
, 280 
72.5 μmol L-1, and 180 µL, for flow rate, HCl concentration, and sample volume, respectively. For 281 
practical reasons, an HCl concentration of 75 μmol L-1 was finally chosen presenting no significant 282 
difference from the predicted optimum.  283 
It should be pointed out that due to the separation of donor and acceptor by a membrane and lack of ion 284 
leakage, neither the pH nor the salinity of the sample can affect the detection for natural water samples.  285 
Measurement of strongly acidic or acid-buffered samples might require a adaptation of the method.  286 
The effect of the flow rate showed a linear behavior and the optimal flow rate was out of experimental 287 
domain, i.e. lower than 0.3 ml min
-1
. A lower flow rate causes a longer time of analysis and would have 288 
required syringes of smaller volume. So, the flow rate was the most significant factor due to its relation 289 
with the gas diffusion process. Finally, a flow rate of 0.3 ml min
-1
 was selected since it gave the highest 290 
most sensitivity possible with the used system configuration.   291 
The sample volume factor corresponds to a quadratic model in the desirability graphic. This could mean 292 
that the acceptor channel got saturated when sample volume and ammonium standard, as work conditions, 293 
were higher than 190 µL and 10 mg L-1, respectively This hypothesis was confirmed by the lack of 294 
linearity observed for standards higher than 15 mg L
-1
 under the same experimental conditions.  295 
 296 
3.4 Sample volume 297 
After the experimental design, the sample volume was studied in a univariate way but in a wider range, 298 
from 100 to 700 µL, and  using standards of concentrations from 0.5 to 2.0 mg L
-1
 being inside the linear 299 
interval. This was done, since the results had indicated, that the optimum was near to the border of the 300 
experimental domain.  301 
In this case, the sensitivity increases proportionally with the sample volume, but also the time of analysis 302 
(Figure. 4). Meanwhile, the LOD varied in a range of 21 to 48 µg L
-1
 without a significant trend. 303 
Consequently, we chose 200 µL of sample i.e. at the prior evaluated optimum, achieving by this a short 304 
time of analysis maintaining the required sensitivity for the determination of ammonium in coastal waters. 305 
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 306 
3.5 Strategies to improve the analytical features 307 
Different strategies were studied to improve the sensitivity of the analyzer system and to adapt it to 308 
distinct concentration ranges. These strategies consist in a variation of flow rates of donor and acceptor 309 
solution and the number of times that the same sample aliquot passes through the GD-cell, and thus, the 310 
time during which the GD step takes place. 311 
 In samples with high organic matter content, the ammonium concentration can be very high, 5-60 mg L
-1
 312 
of ammonium in wastewaters [33], pond water 57 mg L
-1
 (as NH3-N) and mill tailing waters 440 mg L
-1
 313 
(as NH3-N)  [34]; pond waters 16 mg L
-1
 and  compost aqueous extracts 200 mg L
-1
 in this work. For this 314 
kind of samples, both donor and acceptor solutions were flowing at the same time through the GD cell 315 
(ADF: Acceptor and Donor Flowing). This strategy together with a high flow rate (2.4 mL min
-1
) and a 316 
small sample volume (80 μL) led to a low residence time and by this a decreased sensitivity. This allowed 317 
the measurement of undiluted samples with contents of ammonium between 5.7 and 360 mg L
-1
 (linear 318 
working range). Under these conditions, the time of analysis was only 3.2 min for 3 replicates of one 319 
sample including sample channel cleaning.  320 
The content of ammonium in coastal seawater is very low in the range of a few micro mol per liter [11, 321 
25]. During the measurement of these kinds of samples, the acceptor solution was stopped while the 322 
donor solution (sample and NaOH) was flowing in the donor channel (ASDF: Acceptor Stopped and 323 
Donor Flowing). This allows the analyte enrichment on the acceptor side and consequently, an 324 
improvement of the sensitivity. Using a flow rate of 0.5 mL min-1 and a sample volume of 150 μL, a 325 
linear working range from 0.1 to 10.0 mg L
-1
 was obtained but to the cost of a prolonged time of analysis.  326 
To increase the sensitivity even further, a reversal flow strategy (RF) was tested [27]. Testing three modes 327 
of this strategy, the donor solution was passed 3-, 5-, or 7-times, through the GD-cell by applying reversal 328 
flow meanwhile the acceptor was maintained stopped, following denoted as RF 3, RF 5, and RF 7. This 329 
implies an increase of the GD efficiency. In mode RF 3, the sensitivity was doubled in respect to just one 330 
passage (ASDF) but to the cost of a longer time of analysis. If the sample passed more than 3-times (RF 5 331 
and RF 7), the increase of the sensitivity was in the range of 10 % for each additional cycle. Since no 332 
improvement in respect of the LOD was obtained, we decided to work with ASDF strategy.  333 
In classical FIA systems employing GD, mostly buffered indicator solutions are used as acceptor 334 
solutions, whose concentrations have to be carefully and precisely adapted to the aimed concentration 335 
range in order to avoid loss of either linearity or sensitivity [7]. In contrast, computer controlled change of 336 
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the operation strategy as done-so in the present work enables a much simpler adaptation of the method to 337 
the the required working range. 338 
 339 
3.6 Comparison of two membranes 340 
Some authors studied the analytical response of different gas diffusion membranes materials [8, 25]. In 341 
the present study, we tested two commonly used hydrophobic membranes, Durapore
®
 (PVDF 12 mm x 75 342 
mm x 0.12 mm) and PTFE tape  (from MIRACO
®
 ref:232, 12 mm x 75 mm x 0.075 mm) [8, 27]. 343 
The results are summarized in Table 2. The conditions used for this comparison were ASDF as strategy, 344 
200 µL of sample and 0.3 ml min
-1
. The calibration curve obtained for Durapore
®
 was:  specific 345 
conductivity = (1.7 ± 0.5 µS L mg
-1 
cm
-1
) + (6.2 ± 0.3 µS
 
cm
-1
) [NH4
+
], and for PTFE membrane specific 346 
conductivity = (1.8 ± 0.3 µS L mg
-1 
cm
-1
) + (5.9 ± 0.1 µS cm
-1
) [NH4
+
]. The repeatability was calculated 347 
as relative standard deviation (RSD
1
, %) of ten replicates (2.5 mg L
-1
 NH4
+
) with the same membrane. 348 
The reproducibility was evaluated as relative standard deviation (RSD
2
, %) of 4 replicates (2.5 mg L
-1
 349 
NH4
+
) changing 6 times the membranes. Both membranes showed good repeatability (RSD
1
 < 5%), but 350 
using the PTFE’s, the reproducibility was worse (RSD2, 15.6 %). The softness of the PTFE membrane 351 
made membrane replacement difficult causing poor reproducibility. This inconvenience of PTFE 352 
membranes was reported previously [7]. Although the PTFE membrane is significantly cheaper than the 353 
Durapore
®
 membrane, the last one was selected because of its higher mechanical robustness (RSD
2
 354 
2.4%). Using the Durapore
®
 membrane, 200 injections of seawater samples were performed over a time 355 
of over 8 hours. A reproducibility of 6.4 % was observed proving that the membrane robustness is 356 
adequate for long-term operation. Besides, there was no significant change in calibration sensitivity 357 
before and after sample measurement taking > 10 hours. This confirms that the Durapore
®
 membrane can 358 
be used for a long period without evident deterioration. In contrast to prior reports, we did not observe 359 
any baseline increment or disturbances [5] confirming the  usefulness of conductometric detection for the 360 
determination of ammonium . 361 
 362 
3.7 Figures of merit. 363 
For comparison purposes, Table 2 contains the figures of merits of the proposed GD-MSFIA coupled to 364 
the conductometric cell, using the Durapore
®
 and the PTFE membranes, and prior reported, similar flow 365 
systems using conductometric detection of ammonia and two systems which used spectrophotometric 366 
detection. As it becomes clear from Table 2, the proposed method has a wide working range and it was 367 
possible to quantify ammonium in samples with concentrations ranging from 0.045 to 360 mg L
-1
 368 
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applying either the ASDF or the ADF operation mode depending on the aimed concentration range. 369 
Following this sense, we obtained lower LOD than the Cond-SIA [26] and FI-Cond [22] ; and comparable 370 
ones with Cond-FIA [8]  and MSFIA-Optic [27] using the ASDF strategy.  371 
The FIA-Indophenol system [13] presents one of a variety of automatic and direct determinations of 372 
ammonium in seawater using the Berthelot reaction. While here, a better LOD was obtained (5 µg L
-1
) 373 
than in our work, we achieved improvements of other characteristic such as a wider linear working range 374 
and a higher injection throughput. 375 
The present work was applied to the analysis of coastal seawater, pond water samples, and aqueous 376 
extracts of compost. Here, separation of the turbid sample matrix by membrane-based gas diffusion 377 
followed by conductometric detection presents an obvious advantage over optical methods. Also, for high 378 
ammonium concentrations, sample dilution would be required using highly sensitive methods such as 379 
fluorimetry. On the other hand, for sub-nanomolar concentrations of ammonia as found in open ocean 380 
seawater, membrane-less optical methods will give some important advantages such as higher sensitivity 381 
and rapidness.  382 
The NH4 Digiscan analyzer [25] used, likewise us, GD and conductometric detection and was therefore 383 
used here for comparison. The system was focused to open ocean seawater samples and achieved about 384 
200-times higher sensitivity (working range 0.2 to 18 μg L-1) but lower repeatability and much longer 385 
time of analysis (NH4 Digiscan: 3 samples per hour, here: 10 samples per hour). This limits the 386 
applicability when high sample throughout is required, which would be the case for coastal research and 387 
required spatial and temporal resolution of the data.  388 
Figure 5 shows the conductometric response for successive injections of 200 μL of deionized water used 389 
as blank solution and 6 standards ammonium chloride solution from 135 μg L-1 to 2.2 mg L-1, using the 390 
ASDF strategy, the Durapore
®
 membrane, and the optimal conditions reported in the previous sections. 391 
The calibration plot confirmed the proportionality between the relative conductivity and the NH4
+
 392 
concentration, r
2
= 0.9992, also shown in Figure 5. Under these conditions, the slope was 6.92 ± 393 
0.09 mS L cm
-1
 mg
-1
 and the intercept 5.1 ± 0.1 mS cm
-1.  The LOD was estimated at 45 μg L-1 and the 394 
LOQ 75 μg L-1. LOQ was calculated as 5 times the standard deviation of ten replicates of blanks. The 395 
RSD
1
 was < 2 % for 3 replicates of every point of the curve.  396 
The described analytical procedure using the ASDF strategy lasted only 112 s per injection, i.e. sample 397 
determination in triplicate lasted about 5.6 min. Using an autosampler for large sample numbers, an 398 
additional cleaning step was required due to the larger dead volume of the sample provision tube, which 399 
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lasted 30 s. Finally, the throughput of the method was 32 injection per hour, or 10 samples per hour 400 
performing three replicates and the cleaning step for every new sample. 401 
One way to estimate the ammonia diffusion efficiency is the measurement of the remained ammonium in 402 
both the acceptor and donor flow after the diffusion step [7]. In this work, the efficiency  of GD was 403 
estimated from the signal values obtained, the relative conductivities λH3O+, λCl-, λNH4+, and concentrations  404 
[H3O
+
], [Cl
-
], and [NH4
+
] of the participating ions. The decrease of the acceptor flow conductivity κ can 405 
be described by formula (2), with X being the molar fraction the initial hydronium ion concentration being 406 
neutralized by the GD-transferred ammonia. 407 
408 
 (2) 409 
Knowing X, the concentration of ammonium in the acceptor flow after the GD process can be calculated 410 
and knowing the used volumes of donor (sample volume) and acceptor (GD-cell volume), the efficiency 411 
results from formula (3). 412 
413 
 (3) 414 
Using the data from a calibration under optimized conditions and applying the ASDF mode and 415 
Durapore
®
 membrane, a GD transfer efficiency of 21 % was estimated. This value is in good agreement 416 
with the reported values of Van den Linden [7] of 20.2-24.6 % using a commercial GD module. 417 
 418 
3.8 Application to samples 419 
The proposed method was applied to the determination of NH4
+
 in coastal seawater from the Bay of 420 
Palma de Mallorca, pond water, and aqueous extracts of composts (all of them from Mallorca, Spain). 421 
The results and other characteristics of the samples are given in Table 3 and 4.  422 
No significant differences between concentration values obtained with the proposed method and the 423 
reference method were found, for both water sample and the compost aqueous extracts. Ammonium 424 
concentration was below to LOQ (75 μg L-1), but very close, to the LOD (45 μg L-1) for seawater samples 425 
SW1 (38 μg L-1) and SW3 (40 μg L-1) in our method, likewise for the reference method. For SW2 was 85 426 
μg L-1. To validate the method proposed with these samples an add-recovery test was done by spiking 427 
seawater with 0.27 and 1.08 mg L
-1
. Appropriate recoveries, between 91 and 110 %, were obtained for all 428 
samples, except for the first addition of the seawater sample S2 that was 125 %. The values measured for 429 
the samples without spiking were used to calculate the recoveries percents, even when they were below 430 
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the LOQ. There were no significant differences between the reference method and the method proposed 431 
for the spiking seawaters.  432 
The GD allows omitting sample pretreatment such as filtration because suspended particles as well as 433 
dissolved salts and other non-volatiles species remain in the donor channel and cannot interfere in the 434 
conductometric detection. This was demonstrated by the quantification of ammonium and the adequate 435 
add-recovery test in water samples with different composition like pond water, compost aqueous extracts, 436 
and coastal seawater. The first two were filtered to separate the coarse particles avoiding tube blockage. 437 
The coastal water samples were not filtered to avoid contamination. Volatile amines could diffuse through 438 
the membrane and give a similar analytical signal as ammonium. However, they are generally present in 439 
natural waters in much lower concentration than NH4
+
. They also have lower diffusion coefficients due to 440 
larger molecular size. Therefore, their interferences can most-likely be neglected.  441 
 442 
4. Conclusions 443 
 444 
The proposed MSFIA system coupled to the GD and the conductometric cells, both homemade, showed 445 
to be suitable for the ammonium determination in complex environmental samples. The versatility of the 446 
MSFIA system allowed using two different strategies of flow management achieving two wide linear 447 
concentration ranges, from 0.075 to 10.0 mg L
-1
 and 5.7 to 360 mg L
-1
 with high reproducibility. For 448 
samples with high concentration of NH4
+
, continuous flow of acceptor and donor solutions was applied. 449 
For low concentration samples such as seawater, the chosen strategy consisted in keeping the acceptor 450 
channel stopped while the donor solution was flowing. 451 
The conductometric method has some important advantages over the conventional methods using either 452 
spectrophotometric or fluorimetric detection. In concrete, the analyzer system required very simple 453 
experimental conditions and equipment. Running with just three non-toxic reagents (sodium citrate, 454 
sodium hydroxide and hydrochloric acid), the system can further be considered as a green chemistry 455 
alternative to ammonium analyzers using chromogenic reagents. Moreover, the used conductometric cell 456 
proved to be very sensitive with a constant cell of 0.06 cm
-1
. It is further easy to build and can be 457 
considered as a low-budget detection cell. One of the advantages of the use of the GD-cell is that it 458 
separates the analyte from the matrix sample. Consequently, interferences in the detection are avoided, 459 
pretreatment steps such as filtration are not required, and analyte enrichment is possible.  460 
 In comparison to other flow systems with GD and conductometric detection, similar or better analytical 461 
performance was achieved. The method was successfully applied to samples with different matrix 462 
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composition without significant differences to analysis proceeded with a reference method and with 463 
recovery values being 102 ± 13 % adequate for field application.  464 
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 518 
Figure Captions  519 
Figure 1: Scheme of GD-MSFIA coupled to the conductometric detector. Analyzer system: C: 520 
Conductimeter, C-cell: Conductometric cell, GD-Cell: Gas diffusion cell, M: membrane; MC1 and MC2: 521 
Mixing coils; MS: Multisyringe burette, S1- S3: Syringes, V1- V6: Solenoid valves (dotted OFF position, 522 
straight ON position), W: waste. 523 
Figure 2: Technical drawing of one of the two identical parts of the used gas diffusion cell, made of 524 
PMMA.  525 
Figure 3: Scheme of conductometric flow cell following design described elsewhere [30]: 1: Stainless 526 
steel tube 66 mm in length, 1.1 mm od, 0.6 mm id; 2: Stainless steel tube 41 mm in length, 2 mm od, 527 
1.5 mm id; 3 and 4: Pieces of heat-shrink PVC tubing, ca. 1 cm; 5: Sealing resin; 6: Flow direction 528 
through cell.  529 
Figure 4: Effect of sample volume in the sensitivity of the method (◊) given as the slope of the 530 
calibration curve and the time of analysis (О). All the measurements were done using optimal conditions 531 
for ASDF strategy.      532 
Figure 5: Typical calibration curve by the proposed optimized GD-MSFIA procedure, using the optimal 533 
conditions: ASDF strategy, 200 µL of sample, and 0.3 mL min
-1
 of flow rate.   534 
 535 
Supplement material 1: Automatic procedure for ammonium determination using the proposed system. 536 
 537 
538 
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 539 
 540 
Tables  541 
Table 1. Effect of acceptor solution composition:  H3BO3 (5 and 50 μmol L
-1), and HCl, (50 μmol L-1), 542 
using 200 μL of 5 mg L-1 NH4
+
 standard solution at 0.3 ml min
-1
 in ASDF strategies.   543 
Acceptor solution Sensitivity Peak height at 5 (mg L
-1
) RSD (%) LOD (mg L
-1
) 
H3BO3 5 μmol L-1 1.51 ± 0.05 7.87 ± 0.09 1.1 0.040 
H3BO3 50 μmol L-1 1.53 ± 0.06 8.11 ± 0.08 1.0 0.100 
HCl 50 μmol L-1 7.3 ± 0.10 40.9 ± 0.10 0.3 0.045 
 544 
545 
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 546 
Table 2: Figures of merit of the proposed method with comparison between the two membranes used and 547 
to prior reported flow injection analyzer systems using conductometric and spectrophotometric detection. 548 
Analytical 
parameters 
Present 
work 
(Durapore
®
) 
Present 
work 
(PTFE) 
Cond-
SIA 
[26] 
NH4-
Digiscan 
[25] 
Cond-
FIA 
[8] 
FI-
Cond 
[22] 
MSFIA
-Optic 
[27] 
FIA-
Indophenol
- Optic. 
[13] 
Sample volume 
(µL) 
200* 200 75  800 - 75  250 300 
Linear range 
(mg L
-1
) 
0.075-360*  5.7-360  
 
1.5-120  0.0002- 
0.018  
1-60  
 
10-100  
 
5-70 0.005-1 
LOD 
(µg L
-1
) 
45 90 1500 0.2 30 1000 30 5 
 RSD
1
 
(2.5 mg L
-1
n=10 
m=1) (%) 
1.4 1.2 2.20 6 2 0.30 2.8 6.4 
 RSD
2
 
(2.5 mg L
-1
n=4 
m=6) (%) 
2.4 15.6 - - - - - - 
Flow rate 
(mL min
-1
) 
0.3* 0.3 2 0.8 - 1.0  1.0 0.2 
Injection 
throughput (h
-1
) 
32* 32 - 9 - 35 20 20 
LOD: limit of detection. 549 
RSD
1
: Repeatability, relative standard deviation for 10 consecutive measurements of 2.5 mg·L
-1
 standard, 550 
these conditions belong to the present work.  551 
RSD
2
: Reproducibility, relative standard deviation for 4 consecutive measurements of a 2.5 mg·L
-1
 552 
standard changing the membrane 6-times. These conditions belong to the present work. 553 
* Sample volume, flow rate, and the operational procedure can be modified to adjust the required lineal 554 
working range. A new operational procedure implies different injection and sample throughput.   555 
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Table 3. Analysis of ammonium in seawater samples (SW) with add – recovery test. The values are 556 
giving as average ± standard deviation of three replicates.  557 
 558 
 559 
Sample 
 
Added (mg L
-
1
) 
 
Present Work 
(mg L
-1
) 
Recover
y (%) 
Reference 
Method 
(mg L
-1
) 
Recover
y (%) 
pH Cond  
(mS cm
-1
) 
SW1 - <LOQ (0.038)  0.117±0.004  7.97 60.9 
SW1 0.27 0.334±0.001 110% 0.33±0.03 79%   
SW1 1.08 1.06±0.03 95% 1.102±0.009 91%   
        
SW2 - 0.09±0.01  0.142±0.009  7.94 51.1 
SW2 0.27 0.421±0.009 122% 0.43±0.02 105%   
SW2 1.08 1.112±0.09 96% 1.22±0.02 100%   
        
SW3 - <LOQ (0.040)  0.086±0.004  7.84 55.1 
SW3 0.27 0.297±0.009 95% 0.30±0.01 80%   
SW3 1.08 1.022±0.007 91% 1.2±0.03 100%   
 560 
561 
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 562 
Table 4: Analysis of ammonium in pond water and compost aqueous extracts including comparison with 563 
reference method. The values are giving as average ± standard deviation of three replicates.  564 
Sample concentrations  Present Work 
(mg L
-1
 ) 
Reference Method 
(mg L
-1
 ) 
pH Cond (mS cm
-
1
) 
Pond water 16.7 ± 1.6 16.1 ± 0.4 9.03 1.84 
Compost extracts 1  248 ± 15 245 ± 6 7.72 3.42 
Compost extracts 2  170 ± 4 164.3 ± 0.5 8.41 1.51 
Compost extracts 3  146 ± 6 137.1 ± 0.9 8.03 3.03 
 565 
 566 
567 
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 568 
Supplement material 1: Automatic procedure for ammonium determination using the proposed system. 569 
Step Device * Instruction ** Comment 
1 MS 
Mode 1: PK 1.2 mL at 12.5 mL min-1 
V: [1:Off 2:Off 3:Off 4:Off 5:Off 
6:Off] 
Filling the syringe  
2 MS 
Mode 1: PK 0.2 mL at 4.0 mL min
-1
  
V: [1:On 2:Off 3:Off 4:On 5:Off 6:Off] 
Picking up of sample in HC 
3 MS 
DP 0.05 mL at 4.0mL min
-1
(2.25s) 
V: [1:Off 2:Off 3:On 4:Off 5:Off 6:Off] 
Overcoming the mechanical backlash 
of the syringe pump at flow reversal. 
4 MS 
DP 0.15 mL at 4.0mL min
-1
(2.25s) 
V: [1:On 2:On 3:On 4:Off 5:Off 6:Off] 
Mixing the sample and NaOH &  
getting it close to the GD-cell. 
5 C Start measure with 5 Hz 
Initializing the measure &  
recording baseline.  
6 MS 
Mode 1: DP 0.4 mL at 0.3 mL min
-1
 
V: [1:On 2:On 3:Off 4:Off 5:Off 6:On] 
Gas diffusion procedure. Enrichment 
of the acceptor solution in GD-cell. 
7 MS 
DP 0.8 mL at 2.4 mL min
-1
 
V: [1:On 2:On 3:On 4:Off 5:Off 6:Off] 
Propelling the acceptor solution to 
the C-cell and cleaning the donor 
channel. 
8 C Stop measure End the measurement 
* MS: Multisyringe pump, C: Conductimeter.  570 
** DP: Dispense, PK: Pickup, V: Solenoid valve, GD-cell: Gas diffusion cell, C-cell: Conductometric 571 
cell. 572 
 573 
